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N-acetyl-L-cysteine improves the performance of chronic cyclic heat-stressed 
finisher broilers but has no effect on tissue glutathione levels
H. Pertiwi a,b, M. Majdeddin a, J. Degroote a, H. Zhang a and J. Michiels a

aLaboratory for Animal Nutrition and Animal Product Quality, Department of Animal Sciences and Aquatic Ecology, Ghent University, Ghent, 
Belgium; bDepartment of Health Studies, Faculty of Vocational Studies, Airlangga University, Surabaya, Indonesia

ABSTRACT
1. It was hypothesised that dietary N-acetyl-L-cysteine (NAC) in feed, as a source of cysteine, could 
improve the performance of heat-stressed finisher broilers by fostering glutathione (GSH) synthesis. 
GSH is the most abundant intracellular antioxidant for which the sulphur amino acid cysteine is rate 
limiting for its synthesis.
2. In the first experiment, four levels of NAC: 0, 500, 1000 and 2000 mg/kg were added to a diet with 
a suboptimal level of sulphur amino acids in the finisher phase. In the second experiment, NAC was 
compared to other sulphur amino acid sources at equal molar amounts of digestible sulphur amino 
acids. Birds were allocated to four groups: control, 2000 mg/kg NAC, 1479 mg/kg L-cystine, and 2168  
mg/kg Ca-salt of 2-hydroxy-4-(methylthio)butanoic acid. A chronic cyclic heat stress model (tempera
ture was increased to 34°C for 7 h daily) was initiated at 28 d of age.
3. In the first experiment, growth performance and feed efficiency in the finisher phase were 
significantly improved by graded NAC. ADG was 88.9, 92.2, 93.7 and 97.7 g/d, and the feed-to-gain 
ratio was 2.18, 1.91, 1.85 and 1.81 for the 0, 500, 1000 and 2000 mg/kg NAC treatments, respectively. 
However, liver and heart GSH levels were not affected by NAC. On d 29, liver gene transcript of 
cystathionine-beta-synthase like was reduced by NAC, which suggested reduced trans-sulphuration 
activity. The second experiment showed that L-cystine and Ca-salt of 2-hydroxy-4-(methylthio) 
butanoic acid were more effective in improving performance than NAC.
4. In conclusion, N-acetyl-L-cysteine improved dose-dependently growth and feed efficiency in heat- 
stressed finishing broilers. However, this was not associated with changes in tissue GSH levels, but 
more likely worked by sparing methionine and/or NAC’s and cysteine’s direct antioxidant properties.
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Introduction

Heat stress in poultry is a challenge for producers in tropical 
and subtropical regions as well as in temperate areas, by the 
occurrence of heat waves. This phenomenon has triggered 
extensive research due to the rapid development of poultry 
production globally, and in particular in tropical and subtropi
cal areas, to fulfil the high demand for chicken meat as 
a predominant protein source (Mottet and Tempio 2017). 
Heat stress results in important economic losses, as it impairs 
broiler productivity, particularly during the grower and finisher 
phase (Rath et al. 2015; Rosa et al. 2007). Heat exposure reduces 
feed consumption, a primary physiological response to main
tain homoeostasis by decreasing metabolic heat (Lara and 
Rostagno 2013; Pertiwi et al. 2022). Chronic heat stress seriously 
decreases feed efficiency, carcass and meat quality, health status, 
and survival rate (Aksit et al. 2006; Lu et al. 2018).

The role of heat stress in generating oxidative stress has 
gained significant attention in recent years. It has been 
observed that there is an increase in electron leakage within 
the mitochondrial electron transport chain during heat stress 
(Akbarian et al. 2016). This can lead to mitochondrial 

dysfunction which may contribute to metabolic diseases in 
broiler chickens.

Reactive oxygen species (ROS) are produced when mole
cular oxygen is not fully reduced to water, which can degrade 
important cellular components such as lipids, carbohydrates, 
proteins, and DNA. If the production of ROS exceeds the 
capacity of antioxidants to neutralise them, it can lead to 
apoptosis and tissue damage (Bottje et al. 2006). Glutathione 
(L-γ-glutamyl-L-cysteinylglycine, GSH) is the main endogen
ous intracellular antioxidant compound. It is moderately 
stable in intracellular milieus, interacting with ROS and reac
tive nitrogen species and with electrophiles as a cofactor for 
various enzymes, including glutathione peroxidase (GPx; 
Cooper et al. 2011; Lushchack 2012). High GSH levels in 
tissues can promote productivity by decreasing oxidative stress 
associated with higher metabolic activities from the rapid 
growth in broilers (Enkvetchakul and Bottje 1995).

In the endogenous synthesis of GSH, L-cysteine is the 
limiting amino acid that restricts the rate of production. 
L-cysteine can be derived from the diet or through the 
transmethylation and trans-sulphuration pathways, originat
ing from L-methionine. N-acetyl-L-cysteine (NAC) is a form 
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of L-cysteine that is resistant to changes in oxidation-reduc
tion reactions. It is easily converted into bioavailable 
L-cysteine by mucosal deacetylation and subsequent absorp
tion, although NAC can be absorbed intact (Sommer et al.  
2020). In turn, the intestinal epithelium, next to the liver, is 
known to be a main site of GSH synthesis. NAC is commonly 
found in allium plants, particularly in Allium cepa (onion), 
which has 45 mg NAC per kg. It is not naturally found in 
animal tissues. Administration of NAC to human and rats 
increased mitochondrial and cytosolic GSH concentration 
and protected against cell toxicity and various pathological 
condition related to GSH cellular homoeostasis (Attia et al.  
2019). In pigs, NAC enhanced cysteine utilisation for GSH 
synthesis and immune system metabolites and preserved 
morphological integrity of intestinal mucosa in the post
weaning phase (Rakhshandeh et al. 2019; Zhu et al. 2013). 
It helps resolve ulcerative colitis through regulating oxidative 
stress, gene expression (EGF, TLR4), tight junction signalling 
and cell apoptosis (Hou 2015; Wang et al. 2013). However, 
adding NAC to the drinking water of weaned piglets failed to 
exert any beneficial response on animal performances and 
the GSH redox system (Degroote et al. 2019).

It was hypothesised that dietary of NAC supplemented in 
feed could improve the performance of heat-stressed finisher 
broilers by enhancing GSH levels in tissues. It is known that 
older poultry generally need to release higher hepatic GSH 
amounts than younger birds to support their growth 
(Enkvetchakul et al. 1995). Up to now, studies on the appli
cation NAC in the heat-stressed broiler have been limited 
(He et al. 2019; Yi, Hou, Tan, et al. 2016). The current work 
included two experiments with heat-stressed broilers. First, 
graded levels of NAC were added to a basal diet with a level 
of digestible sulphur amino acids equal or below the recom
mendations (depending on literature source) for ideal pro
tein for as-hatched finisher broiler chickens. Responses in 
terms of animal performance and GSH redox status in var
ious tissues were assessed. As the first experiment did not 
show a response on tissue GSH levels, in a second experi
ment the efficacy of NAC was compared with other sulphur 
amino acid sources, namely L-cystine (L-CYS), and Ca-salt 
of 2-hydroxy-4-(methylthio) butanoic acid (CaHMTBa). The 
former is another stable source of L-cysteine, while the latter 
is precursor of methionine (Baker 2009). Only performances 
were recorded from the second experiment.

Material and methods

Birds, heat stress, and performances

The study was conducted in compliance with the ethical 
principles and guidelines for the housing and treatment of 
laboratory animals as stated in the European Directive (2010/ 
63/EU) for the protection of animals used for scientific 
purposes, and the Belgian royal decree (KB29.05.13) on the 
use of animals in experimental research.

In the first experiment (Exp I), 680 one-d-old male broi
lers (Ross 308; Hatchery Vervaeke-Belavi, Tielt, Belgium) 
were assigned to 34 pens with 20 birds per pen at a density 
of 14.7 birds per m2. In the second (Exp II), 720 male one- 
d-old broilers (Ross 308) were divided to 36 pens with 20 
birds per pen. The flooring was coated with fresh wood saw 
dust (1.5 kg/m2) and no refilling or cleaning of the floor was 

conducted during the experiment. Water distribution was 
through nipple drinkers and feeding by feed towers.

On the first day of life, broilers were vaccinated towards 
Newcastle Disease (NDC2) and Infectious Bronchitis 
(IBMAS) at the hatchery’s facilities. At 17 d of age, 
a second dose of NDC2 vaccination did using Nobilis ND 
Clone 30 (MSD Animal Health, Boxmeer, the Netherlands). 
In addition, on the same day, the animals were sprayed with 
Nobilis Gumboro D78 (MSD Animal Health, Boxmeer, the 
Netherlands) to protect against Gumboro. These vaccination 
programs were conducted according to conventional pro
duction standards in Belgium.

The light scheme was 23 h light/1 h dark and 18 h light/6 h 
dark from d 0–7 and 7–41 d, respectively. The 18 h light is 
referred to light with a minimum of 20 lux between 4 am and 
10 pm. The initial chamber temperature was 34°C, which 
decreased linearly to 22°C on d 28. During the first five days, 
one infrared lamp was used per pen to provide additional 
heating. From d 28 until the end of the investigation, which 
was d 41 in Experiment I and d 40 in Experiment II, 
a particular temperature and humidity regime was used to 
initiate chronic cyclic heat stress (Akbarian et al. 2014; 
Majdeddin et al. 2020; Zhang et al. 2023). The baseline 
temperature was 22°C. Daily, between 8:00 and 9:00 a.m., 
excluding sampling days (between 6:00 and 7:00 a.m.), the 
temperature was progressively increased to 34°C and main
tained for 7 h (until 4:00 p.m).

The temperature was then reduced to its baseline level. 
During periods of heat stress, the relative humidity of the air 
was maintained between 50 and 60% through nebulisation of 
water. Body weight (BW) and food intake were recorded per 
pen. For each period of rearing, the average daily gain 
(ADG), average daily feed intake (ADFI), feed-to-gain ratio 
(F:G, adjusted for mortality and calculated as total feed 
intake divided by total gain including the weight of birds 
lost per pen), and mortality were determined. The European 
Production Efficiency Factor (EPEF) was determined using 
the following equation: 

where MR was the mortality rate for the total period (%), 
BWend the BW at d 41 (Exp I) or 40 (Exp II) (kg) and F:G the 
feed-to-gain ratio (g/g) for the total period.

Dietary treatments

Broiler chickens were fed starter (d 0–10), grower (d 10–25) 
and finisher (d 25–41 in Exp I and day 25–40 in Exp II) 
which were formulated using wheat-soybean diets as mash. 
The ingredient and calculated nutrient composition of the 
basal diets are shown in Table 1.

All pens received the same basal starter and grower 
diet. In the finisher period, pens were assigned to one of 
four dietary group treatments according to a randomised 
block design. Dietary treatments were replicated in eight 
or nine pens. In Exp I, the treatments included a control 
(CTRL, basal diet), and three diets with increasing levels 
of NAC i.e., 500, 1000 and 2000 mg/kg (CAS 616-91-1, 
99% purity; 74.3% L-cysteine; Zambon, Jette, Belgium). 
The NAC was added ‘on top’ of the basal diet. In Exp II, 
the treatments included a control (CTRL, basal diet), and 
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basal diet supplemented ‘on top’ with either 2000 mg/kg 
NAC, 1479 mg/kg L-CYS (L-CYS; CAS 56-89-3; 98.5% 
purity; 100.8% L-cysteine; Sigma-Aldrich, Overijse, 
Belgium), or 2168 mg/kg Ca-salt of 2-hydroxy- 
4-(methylthio)butanoic acid (CaHMTBa; CAS 4857-44-7; 
84% methionine activity; Novus, Brussels, Belgium). The 
basal diet in the finisher period was formulated to have 
a content of apparent faecal digestible lysine (Lys) of 
0.95% and a ratio digestible methionine + cysteine (M 
+C) to digestible Lys of 0.73. This ratio was equal or 
below the recommendations for ideal protein for as- 
hatched finisher broiler chickens depending on literature 
source (e.g., 0.73, Tabellenboek Veevoeding 2018, 
Centraal Veevoederbureau, the Netherlands, www.cvbdier 
voeding.nl; 0.77, Amino Acids in Animal Nutrition 2014, 
FEFANA, fefana.org; 0.78, Broiler Ross Nutrition 
Specifications 2019, Aviagen, aviagen.com). 
Theoretically, if NAC was completely converted to 
L-cysteine and absorbed, this would raise the digestible 
M+C to digestible Lys ratio to 0.77, 0.81 and 0.89 follow
ing the graded levels of NAC, and concomitantly the 
ratio digestible M to digestible M+C was reduced step
wise from 0.63 to 0.52.

The analysed nutrient composition of basal diets is pre
sented in supplementary Table S1. The dry matter (DM) 
content of diets was measured by dehydration at 103°C until 
constant weight (SO 6496:1999). Crude ash was analysed by 
incineration at 550°C for 4 h in a combustion oven (ISO 
5984:2002). The total nitrogen (N) content was calculated 
using the Kjeldahl method (ISO 5983–1:2005), and crude 
protein content was determined by multiplying total N by 
6.25. After extraction with diethyl ether, ether extract (EE), 
as a measure of crude fat, was analysed gravimetrically using 
the Soxhlet system (ISO 6492:1999). Using HPLC on hydro
lysed and oxidised samples, the amino acid composition of 
protein-bound amino acids was determined (ISO 13903:2005). 
Since this amino acid is destroyed by acid hydrolysis (ISO 
13904:2016), tryptophan determination required separate ana
lysis. Although the levels of lysine and methionine levels by 
analysis were higher and lower than formulated (Table 1) for 
experiment I and II, respectively, the ratio M+C to lysine of 
total amino acids remained close to 0.73.

Sample collection

In Exp I, two birds per pen (within a similar weight range) 
were selected for sampling, both on d 19, to evaluate the 

Table 1. Ingredient and calculated nutrient composition of wheat-soybean-based basal diets for the starter 
(day 0–10), grower (day 10–25), and finisher (day 25–41 in Exp I and day 25–40 in Exp II) phase in Exp I and II 
(as-is basis).

Item Starter Grower Finisher

Ingredient composition, g/kg
Wheat 449.3 470.7 543.0
Soybean meal 271.5 233.1 219.0
Maize 150.0 150.0 90.0
Toasted full-fat soybeans 50.0 50.0 50.0
Animal fat 37.0 58.8 63.0
Soybean oil 5.00
Vitamin and mineral premixa 6.00 6.00 6.00
Dicalcium phosphate 16.9 13.3 10.1
Limestone 5.80 6.03 4.94
DL-methionine 3.03 2.74 2.07
L-lysine HCL 3.14 2.85 1.94
L-threonine 1.43 1.16 0.70
L-valine 1.19 0.98 0.36
Sodium chloride 2.00 2.00 2.00
Sodium bicarbonate 2.29 1.93 1.54
Non-starch-polysaccharidases 0.20 0.20 0.20
Phytase 0.20 0.20 0.20
Coccidiostat salinomycine salinomycine Diclazuril

Calculated nutrient composition
Dry matter, g/kg 883 895 896
Crude ash, g/kg 54 48 44
Crude protein, g/kg 215 200 195
Ether extract, g/kg 65 86 92
ME, MJ/kg 12.5 13.2 13.5
Ca, g/kg 8.7 8.0 6.8
Dig. P, g/kg 4.0 3.5 3.0
Na++K++Cl−, meq/kg 240 218 212
Lys, g/kg 13.1 11.8 10.8
Dig. Lys, g/kg 11.5 10.5 9.5
Met, g/kg 5.9 5.3 4.6
Cys, g/kg 3.5 3.2 3.1
Dig. M+C/dig. Lys 0.73 0.73 0.73
Thr, g/kg 8.8 8.0 7.3
Dig. Thr/dig. Lys 0.65 0.65 0.65
Arg, g/kg 13.4 12.1 11.8
Dig. Arg/dig. Lys 1.03 1.03 1.10
Val, g/kg 10.6 9.7 8.9
Dig. Val/dig. Lys 0.79 0.80 0.80

aProviding per kg of diet: retinol, 2.7 mg; cholecalciferol, 0.04 mg; α-tocopherol acetate, 30 mg; menadione, 
1.5 mg; thiamin, 1.2 mg; riboflavin, 3.0; niacin, 27.0 mg; pyridoxine, 2.4 mg; cyanocobalamine, 1.2 µg; folic 
acid, 0.60 mg; biotin, 0.12 mg; choline, 360 mg; Fe (FeSO4.H2O), 30 mg; Cu (CuSO4.5 H2O), 12 mg; Zn 
(ZnO), 36 mg; Mn (MnO), 58; I (Ca(IO3)2), 0.72 mg; Co (Co2CO3(OH)2), 0.58 mg; Se (Na2O3Se), 0.22 mg and 
ethoxyquin, 0.20 mg.
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acute heat stress response, as well as d 42, to evaluate the 
chronic heat stress response. Birds were euthanised by cervi
cal dislocation followed by exsanguination. Blood was col
lected in two tubes with EDTA as anticoagulant to assess 
haematocrit and malondialdehyde (MDA). The digestive 
tract was excised and a 5 cm piece of mid-jejunum was 
fixated in formalin for histo-morphological examination on 
d 41. Subsequently, heart and liver were taken for GSH, and 
GSSH analysis, GPx in liver samples on d 29 and 41. Samples 
from liver for MRNA extraction were taken on d 29, snap 
frozen and stored at −80°C.

On d 42, after overnight fasting and no further imple
mentation of heat stress protocol, two birds per pen were 
euthanised to measure carcass characteristic and MDA. In 
Exp II, on d 29 (acute heat stress) and d 40 (chronic heat 
stress), two birds per pen (close to average weight) were 
selected for determination of rectal temperature. No birds 
were sacrificed for sampling.

Histo-morphological indices of mid-jejunum

Formalin-fixed mid-jejunum samples were dehydrated, 
embedded, sliced into 5-μm transects and stained with 
haematoxylin and eosin. Subsequently, villus height and 
adjacent crypt depth of at least ten, well-oriented villi were 
measured and the ratio of the villus height to the crypt 
depth was calculated (Van Nevel et al. 2003). Observations 
were conducted using a microscope (Olympus BX61, 
Olympus, Aartselaar, Belgium) and analysed by image 
capture software (AnalySIS Pro, Olympus, Aartselaar, 
Belgium).

Oxidative and glutathione redox status in plasma, liver, 
and heart

Spectrophotometry at 532 nm was used to determine total 
MDA concentration in plasma using the TBARS assay devel
oped by Grotto et al. (2007) with minor modifications. 
Buffered aqueous extracts of liver samples were prepared 
after mixture with 1% Triton X-100 phosphate buffer (pH 
7, 50 mM), homogenisation, centrifugation and filtration. 
The GPx activity in buffered aqueous extracts of liver was 
quantified based on the dynamical change in the oxidation of 
NADPH and reaction time using Multi-Mode Microplate 
Readers at 340 nm (Hernandez et al. 2004).

The Yoshida (1996) method was applied to measure GSH 
and GSSG in liver and heart samples, with modifications 
(Degroote et al. 2019). Briefly, iodoacetic acid was used as 
a thiol quenching agent, and the acid solution’s pH was 
adjusted to 8–9 by adding a potassium hydroxide-potassium 
bicarbonate buffer. Incubation overnight with 1-fluoro- 
2,4-dinitrobenzene produced stable thiol derivatives that 
were separated on an aminopropyl column using reverse- 
phase HPLC. Chromatographic separations were conducted 
with water/methanol (1:4 v/v) and acetic acid (0.5 M)/metha
nol (1:1.78 v/v) as the mobile phases and UV absorption at 
365 nm was measured. The concentrations of GSH and 
GSSG were determined relative to -glutamyl-glutamate as 
the internal standard and GSH and GSSG external standard 

solutions, respectively. The results were expressed based on 
the weight of wet tissue.

Gene expression in liver samples

The PureLinkTM RNA mini kit (ThermoFisher, Merelbeke, 
Belgium) combined with TRIzol (ThermoFisher) was used as 
per the manufacturer’s instructions to extract total RNA 
from liver samples. When isolating the RNA, genomic 
DNA was removed using the kit’s gDNA eliminator spin. 
The concentration (ranging from 200 to 1200 ng/ml) and 
purity (optical density 260A/280A ranging from 1.95 to 
2.25) of the sample were analysed using the NanoDrop 
ND-2000 (ThermoFisher). To synthesise cDNA, the 
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, 
Germany) instructions were followed. Specifically, 1 µg of 
RNA was mixed with 2 µl of gDNA Wipeout buffer and the 
volume was adjusted to 14 µl using RNase-free water.

The reverse transcription quantitative PCR (RT-qPCR) ana
lysis was performed on a Step One Plus Real-Time System 
(ThermoFisher) using Maxima SYBR Green/ROX qPCR 
Master Mix (2X) in a 10 µl reaction volume that contained 5 µl 
of 2X SYBR green master mix, 1 µl of forward and reverse 
primers (10 nM each), 2 µl of water and 1 µl of template 
cDNA. The thermal cycling conditions included an initial dena
turation at 95°C for 10 min, followed by 40 cycles of denatura
tion at 95°C for 15 s and annealing/elongation at 60°C for 1 min. 
Amplification of non-targeted fragments was checked via dis
sociation curve analysis. Qiagen software version 2.0.2 of Rotor- 
Gene Q was utilised for data collection. The qPCR analysis was 
conducted to identify mRNA levels of genes cystathionine-beta- 
synthase like (CBSL), glutamate-cysteine ligase catalytic subunit 
(GCLC), and glutathione synthetase (GSS). The data were nor
malised by introducing two internal reference genes: actin beta 
(ACTB) and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). Specific primers for each gene were designed utilis
ing the cross-exon strategy and version 5.0 of the software 
Primer Premier (Premier Biosoft, San Francisco, U.S.A.) 
(Supplementary Table S2).

Statistical analysis

The experimental unit for all performance variables was the pen. 
For variables from the digestive tract and other tissues, carcass 
and breast meat characteristics, two birds per pen were collected, 
and average values for both chickens for each variable were 
taken for statistical analysis. Data obtained were subjected to 
analysis of variance, using SPSS software program package 
(SPSS 27.0), with dietary supplementation in finisher diet as 
main factor and block as random factor. The non-parametric 
Kruskal–Wallis test was utilised to analyse the mortality data. 
The BW at d 25, the start of feeding the finisher diets, was 
introduced as a covariate for analysis. As the time of sampling 
after starting the heat stress protocol may have affected rectal 
temperature, haematocrit and oxidative and glutathione redox 
status parameters, this was incorporated as a covariate where 
significant effects were seen. Means were separated by Tukey 
test. In Exp I, orthogonal contrasts were used to examine the 
linear and quadratic impacts of NAC supplementation. Data 
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were assumed to be statistically significant when P < 0.05, and to 
prove a trend when 0.05 ≤ P < 0.10.

Results

Broiler performance and rectal temperature

In Exp I, final BW and ADG in the finisher period when 
chronic cyclic heat stress was prevailing were linearly 
increased by graded levels of NAC in the feed (both P <  
0.05; Table 2). The ADG was nearly 10% higher in birds fed 
NAC at 2000 mg/kg when compared to CTRL (P < 0.05). 
Remarkably, 500, 1000 and 2000 mg/kg of NAC decreased 
feed intake substantially (quadratic effect, P < 0.05). It should 
be noted that in some pens containing birds on the CTRL 
treatment, chickens seemed to waste the mash feed, likely 
leading to overestimation of feed consumption. Hence, feed
ing NAC resulted in large improvements of F:G as compared 
with CTRL (P < 0.05; linear effect). Mortality was high dur
ing the chronic cyclic heat stress period and variable among 
treatments, yet without statistical significance. For the total 
period (d 0–41), similarly ADG and F:G were largely 

improved (both P < 0.05, linear effect) and ADFI tended to 
decrease (P = 0.067, quadratic effect) with supplemental 
NAC, resulting in higher EPEF values (P < 0.05, linear 
effect).

Analogously to Exp I, in Exp II, NAC at 2000 mg/kg 
stimulated growth and final BW in the finisher period as 
compared to CTRL (both P < 0.05; Table 3). This improve
ment equalled 6.6% and 3.3%, respectively, thus lower than 
in Exp I. Growth responses were higher in groups L-CYS 
(+8.0%, P < 0.05) and CaHMTBa (+11.1%, P < 0.05). Feeding 
the sulphur amino acid sources did not change ADFI. Feed 
efficiency was better for birds fed L-CYS and CaHMTBa in 
comparison to the CTRL (P < 0.05), while NAC was inter
mediate but not significantly different from either treatment. 
Again, mortality was high during the episode of chronic 
cyclic heat stress but not affected by dietary supplement. 
For d 0–40, ADG, F:G and EPEF were all positively affected 
by L-CYS and CaHMTBa compared to CTRL (P < 0.05). On 
the other hand, the NAC treatment did not exhibit similar 
effects.

Rectal temperatures of birds selected at d 29 did not reveal 
significant treatment effects in either experiment 

Table 2. Effect of N-acetyl-L-cysteine (NAC) supplementation on body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), feed 
gain ratio (F:G), mortality, and European production efficiency factor (EPEF) of male broilers subjected to chronic cyclic heat stress in the finisher phase 
in Exp I.a

Item

Supplemental NAC, mg/kg

Pooled SEM

P-value

0 500 1000 2000 Linear Quadratic

Day 25–41
Initial BW, g 1271 1276 1279 1293 10.2 0.156 0.867
Final BW, g 2680b 2766ab 2797ab1 2844a 40.5 0.008 0.636
ADG, g/d 88.9b 92.2ab 93.7ab 97.7a 2.27 0.012 0.785
ADFI, g/d 192a 175b 172b 176b 3.4 0.075 0.018
F:G 2.18a 1.91b 1.85b 1.81b 0.065 <0.001 0.074
Mortalityb, % 0.0 (1.4) 5.0 (5.7) 0.0 (2.1) 5.0 (4.3) (3.37)

Day 0–41
ADG, g/d 64.2b 66.3ab 67.1ab 68.2a 1.0 0.007 0.632
ADFI, g/d 114a 107b 108b 108b 1.5 0.105 0.067
F:G 1.78a 1.62b 1.62b 1.59b 0.037 0.002 0.066
Mortalityb, % 5.0 5.0 5.0 5.0 (5.30)
EPEFc 352b 384ab 409a 410a 11.0 0.004 0.277

aMeans within row without common superscript are significantly different at.P < 0.05 
bMortality data within treatment were not normally distributed and hence treatments were compared using the non-parametric Kruskal–Wallis test. 

The median is given and mean between brackets. No significant effects were found. 
cEuropean Production Efficiency Factor.

Table 3. Effect of supplementary sulphur amino acid sources on body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), 
feed gain ratio (F:G), mortality, and European production efficiency factor (EPEF) of male broilers subjected to chronic cyclic heat stress in the 
finisher phase in Exp II.a

Item

Supplementary sulphur amino acid sourceb

Pooled SEM P-valueCTRL NAC L-CYS CaHMTBa

Day 25–40
Initial BW, g 1282 1280 1283 1293 10.0 0.527
Final BW, g 2516b 2598a 2616a 2655a 26.0 0.002
ADG, g/d 82.2b 87.6a 88.8a 91.3a 1.65 0.001
ADFI, g/d 161 163 161 168 3.0 0.173
F:G 1.94a 1.87ab 1.82b 1.83b 0.075 0.005
Mortalityc, % 5.0 5.1 5.0 2.5 (4.15)

Day 0–40
ADG, g/d 61.7b 63.7ab 64.2a 65.4a 0.70 0.002
ADFI, g/d 107 108 107 111 2.0 0.253
F:G 1.75a 1.73ab 1.69b 1.71ab 0.050 0.036
Mortalityc, % 5.0 7.5 5.0 5.0 (5.45)
EPEFd 337c 349bc 368ab 375a 8.5 0.002

aMeans within row without common superscript are significantly different at P < 0.05.  
bCTRL, control; NAC, N-acetyl-L-cysteine; L-CYS, L-cystine; CaHMTBa, Ca-salt of 2-hydroxy-4-(methylthio) butanoic acid. L-CYS and CaHMTBa 
were added to the diet to provide equal molar amounts of digestible sulphur amino acids as 2000 mg/kg NAC considering purity of test 
products, L-cysteine content or methionine activity, and 100% digestibility (calculations available on request).  
cMortality data within treatment were not normally distributed and hence treatments were compared using the non-parametric Kruskal–Wallis 
test. The median is given and mean between brackets. No significant effects were found. dEuropean Production Efficiency Factor.
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(Supplementary Figure S1). There was a tendency for a linear 
reduction in rectal temperature in line with graded NAC on 
d 41 in Exp I (P = 0.070). It should be emphasised that there 
was large variation among replicate measurements within 
treatment occurred.

Carcass and breast meat characteristics

Characteristics, such as skinless eviscerated carcass and car
cass percentage, breast meat percentage, pH at 0 and 24 h, L*, 
a*, b* and TBARS of breast meat were not influenced by 
incremental NAC (Exp I, Table 4).

Haematocrit

In Exp I, haematocrit on d 29 (30.0% ± 0.9) and d 41 (28.8%  
± 0.6) was not affected by treatment (Figure 1). On d 41, 
haematocrit was negatively affected by time of sampling after 
beginning the heat stress protocol that day, irrespective of 
treatment (P < 0.05; Figure 2d).

Histo-morphological indices of mid-jejunum

No significant differences were found due to treatment for 
villus length, crypt depth, and the ratio of villus height to the 
crypt depth (data not shown, Exp I).

Oxidative and glutathione redox status in plasma, liver, 
and heart

Plasma MDA (P = 0.076) and GPx activity (P < 0.05) were 
linearly reduced by incremental NAC in the diet on d 29 (Exp 
I, Table 5). The MDA level in the 2000 mg/kg NAC treatment 
group, 12.7 nmol/ml, was smaller than for the CTRL (13.3  
nmol/ml; P < 0.05). However, GSH neither in liver nor heart 
was affected by treatment. In contrast, GSSG was linearly 
increased in liver (trend, P = 0.062) and heart (P < 0.05). 
Obviously, tissue GSH levels were higher in liver than heart.

In contrast to d 29, on d 41 a linear trend suggested an 
increase in MDA in plasma when feeding graded NAC (P =  
0.083, Table 6). Similarly, as on d 29, GPx activity in plasma 
showed a trend for linear reduction in birds fed NAC on d 41 
(P = 0.058). Again, GSH in liver and heart were not altered by 
feeding NAC, and clearly the difference between GSH con
centrations in liver and heart on d 41 was smaller than on 
d 29. However, GSH in liver decreased while GSH in heart 
increased with age and chronic cyclic heat stress. 
Furthermore, covariance analysis revealed that oxidative 
and GSH redox status in liver and heart were significantly 
affected by the time after starting heat stress on the respective 
days irrespective of treatment (Figure 2a–c,e–k). An upregu
lation of GSH levels in liver can be seen on d 29 (Figure 2a), 
while GSSG decreases (Figure 2b). Obviously, on d 41 both 
MDA and GPx activity in plasma increased upon time under 
heat stress, emphasising the association between heat and 
oxidative stress (Figure 2e). Conversely to d 29, on d 41 GSH 
in liver declines substantially when heat stress progresses. 
Interestingly, heart GSSG levels increased sharply.

Gene expression in liver samples

The CBSL mRNA level in liver samples of chickens on d 29 in 
Exp I was linearly and quadratically reduced, with the 500 
and 2000 mg/kg NAC groups showing lower gene expression 
as compared to CTRL (P < 0.05; Table 7). The GCLC mRNA 
level was not altered by treatment, while a trend indicated 
a linear reduction in GSS mRNA levels (P = 0.072). It should 
be noted that large variation among replicate measurements 
within treatment occurred.

Discussion

Although numerous trials have underscored the beneficial role 
of sulphur amino acids (SAA) on growth performance and 
health of heat-stressed broilers (Del Vesco et al. 2015; 

Table 4. Effect of N-acetyl-L-cysteine (NAC) supplementation on carcass and breast meat characteristics of male broilers subjected to chronic cyclic 
heat stress in the finisher phase after overnight fasting and sampled at day 42 in Exp I.a

Item

Supplemental NAC, mg/kg

Pooled SEM

P-value

0 500 1000 2000 Linear Quadratic

Carcass
Skinless eviscerated carcass, kg 1.87 1.89 1.86 1.92 0.045 0.553 0.667
Carcass/body weight, % 64.4 64.2 64.0 64.8 0.32 0.407 0.228
Breast meat/body weight, % 21.6 21.8 22.1 22.2 0.42 0.324 0.780

Breast meat
pH 0 h 6.3 6.2 6.4 6.3 0.10 0.592 0.792
pH 24 h 5.9 5.8 5.9 5.9 0.10 0.252 0.568
Colour L × 24 h 56.4 55.2 54.6 54.2 0.95 0.128 0.459

a *24 h 4.2 4.8 4.4 4.5 0.27 0.614 0.383
b × 24 h 15.3 14.5 15.6 15.0 0.40 0.975 0.924

MDA, µg/g 0.18 0.21 0.17 0.17 0.010 0.210 0.447
aMeans within row without common superscript are significantly different at P < 0.05.
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Figure 1. Effect of N-acetyl-L-cysteine supplementation (Exp I) on haematocrit 
in male broilers subjected to chronic cyclic heat stress in the finisher phase.
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Willemsen et al. 2011), limited reports are available concerning 
the consequences of NAC supplementation. In the present 
study, increased levels of NAC added to a basal diet with sub
optimal level of sulphur amino acids improved linear growth 
due to largely better feed conversion. Yi, Hou, Tan, et al. (2016) 
reported similar results, showing that supplementation with 
1000 mg/kg of NAC could ameliorate the negative impact of 

heat stress on feed efficiency and intestinal function in chronic 
cyclic heat-stressed Cobb male chickens. NAC supplementation 
at similar dosage in Arbor Acres broilers reversed the adverse 
effects of chronic high temperatures on weight gain and feed 
intake (He et al. 2019). Furthermore, Omid et al. (2018) proved 
that NAC at 5000 mg/kg mitigated heat stress in breeder 
Japanese quail under constant high temperatures. Feeding 

Figure 2. GSH (a), GSSG (b), and GSSG/GSH (c) in liver on day 29 and haematocrit (d) and MDA (e) in plasma, GPx activity (f), GSH (g), GSSG (h), and GSSG/GSH (i) in 
liver, and GSH (j) and GSSG/GSH (k) in heart on day 41 of male broilers subjected to chronic cyclic heat stress sampled on day 25 as affected by time of sampling 
after starting the heat stress protocol that day (Exp I). GSH, glutathione; GSSG, glutathione disulphide; MDA, malondialdehyde; GPx, glutathione peroxidase.

Table 5. Effect of N-acetyl-L-cysteine (NAC) supplementation on variables of oxidative status in male broilers subjected to chronic cyclic heat stress in 
the finisher phase and sampled at day 29 in Exp I.a

Item

Supplemental NAC, mg/kg

Pooled SEM

P-value

0 500 1000 2000 Linear Quadratic

Plasma
MDA, nmol/mL 13.3a 12.9ab 13.0ab 12.7b 0.20 0.076 0.818
Liver
GPx, U/g 12.1a 10.7b 10.8b 10.9b 0.32 0.034 0.030
GSH, µmol/gb 4.4 4.4 4.3 4.5 0.10 0.523 0.297
GSSG, µmol/gb 0.41 0.40 0.42 0.48 0.030 0.062 0.263
GSSG/GSHb 0.093 0.096 0.100 0.107 0.006 0.111 0.729

Heart
GSH, µmol/gc 1.8 1.8 1.8 1.9 0.15 0.465 0.681
GSSG, µmol/gc 0.16b 0.18b 0.18b 0.21a 0.010 0.029 0.521
GSSG/GSHc 0.10 0.11 0.11 0.11 0.010 0.383 0.905

aMeans within row without common superscript are significantly different at P < 0.05.  
bCo-variate time of sampling after starting the heat stress protocol was significant at P < 0.05.  
cTime of sampling after starting the heat stress protocol was not tested because of missing values. MDA, malondialdehyde; GPx, glutathione 
peroxidase; GSH, glutathione; GSSG, glutathione disulphide.
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NAC increased feed intake and egg production, optimised feed 
efficiency (P < 0.05), hatchability and Haugh units, and was 
associated with changes immune and antioxidant responses. In 
the above studies, NAC was added to a nutrient adequate diet. In 
an aflatoxin B1 challenge, Valdivia et al. (2001) found that NAC 
at daily dosage of 800 mg/kg BW alleviated the detrimental 
impact on performance, biochemical parameters and liver activ
ities in birds. Similarly, Attia et al. (2019) who administrated 100  
mg/kg NAC in feed proved that NAC protected the digestive 
system against toxins from feed, decreased the feed-to-gain ratio 
and reduced mortality. These studies demonstrated that NAC 
may protect poultry when the metabolism is stressed by either 
environment or diet. However, in the present study NAC 
administration lowered feed intake in broilers dramatically, 
even at 500 mg/kg (Exp I), though, whilst improving growth. 
Yet in Exp II no reduction in feed consumption was seen with 
2000 mg/kg NAC. Nonetheless, in young animals, L-cysteine 
treatment has been related with decreased feed consumption 
which has been linked to its bitter taste (Lee et al. 2013). In birds, 
a large dietary excess of methionine or cysteine typically 
depresses growth (Baker 2009). For instance, inclusion of 
L-cysteine, L-Cys, and N-acetyl-L-cysteine at a concentration 
of 2.5–3.0% in the diet caused slight suppression of growth in 
young chicks, in contrast an iso-sulphureous concentration of 
DL-methionine led to more significant performance suppres
sion (Dilger and Baker 2007a). The toxic effect of L-Cys was 
ascribed to a marked increase in anion gap and metabolic 
acidosis, yet the effects of N-acetyl-L-cysteine and L-Cys were 
not tested. It should be noted that these dosages extended far 
beyond the levels applied in the current study, and hence could 
not explain the reduction in feed consumption. Conversely, 
Dilger and Baker (2007b) demonstrated that a slight surplus of 
cyst(e)ine (e.g., 1000 mg/kg) in a methionine deficient diet was 
growth suppressing. Thus, it is plausible that the low 

performance of the CTRL in Exp I was due to the suboptimal 
level of methionine/sulphur amino acids.

Interestingly, supplementation of NAC in this study 
decreased rectal temperature of heat-stressed birds on d 41. 
Feeding NAC is known to inhibit NF-κB pathways (Lou and 
Kaplowitz 2007; Oka et al. 2000) which can induce the 
regulation of various pro-inflammatory genes, such as the 
encoding cytokines (Wrotek et al. 2020). Therefore, NAC 
could act as an antipyretic in heat-stressed broilers. This 
activity has been associated with the activation and increased 
synthesis of the endogenous antipyretic cytokines such us IL- 
10 (Wrotek et al. 2020). Other mechanisms for NAC in 
enhancing body functions may relate to the production 
ATP and catalase and trypsin activity. Furthermore, it has 
been reported that NAC upregulated critical genes associated 
with AMPK, TLR4/NF-κB, EGFR, and type I IFN cell signal
ling pathways, and enhanced the levels of both total and 
phosphorylated proteins for mTOR and P70S6K in intestinal 
epithelial cells (Li et al. 2022; Yi, Hou, and Wang 2016). In 
addition, mTOR has been widely recognised as a promoter of 
protein synthesis (Suryawan et al. 2009).

Exp II was executed to further clarify the mechanism of 
NAC. Efficacy was compared to other sulphur amino acid 
sources, namely L-Cys and CaHMTBa. The former is another 
stable source of L-cysteine, while the latter is precursor of 
methionine (Baker 2009). The largest growth-promoting 
effects were found for CaHMTBa. This observation pointed 
to the fact that supplemental NAC had a methionine sparing, 
rather than a cysteine effect.

In the second study, a linear response to NAC, L-CYS and 
CaHMTBa suppressed any detrimental effect of HS, espe
cially on the final BW and the ADG and FCR from d 25–40 
and d 0–40. Similar to NAC, L-cysteine acts as an antiox
idant, mitigating oxidative stress triggered by heat, whereas 

Table 6. Effect of N-acetyl-L-cysteine (NAC) supplementation on variables of oxidative status in male broilers subjected to chronic cyclic heat stress in 
the finisher phase and sampled at day 41 in Exp I.a

Item

Supplemental NAC, mg/kg

Pooled SEM

P-value

0 500 1000 2000 Linear Quadratic

Plasma
MDA, nmol/mLb 14.1 14.4 15.1 14.8 0.40 0.083 0.467
Liver
GPx, U/gb 11.9a 11.6ab 12.0a 11.1b 0.20 0.058 0.246
GSH, µmol/gb 3.5 3.8 3.9 3.8 0.10 0.207 0.150
GSSG, µmol/gb 0.58 0.58 0.58 0.55 0.055 0.702 0.777
GSSG/GSHb 0.16 0.15 0.15 0.14 0.010 0.273 0.970

Heart
GSH, µmol/gb 2.9 2.8 3.1 2.9 0.01 0.200 0.439
GSSG, µmol/g 0.24 0.20 0.23 0.21 0.020 0.374 0.328
GSSG/GSHb 0.083 0.075 0.077 0.077 0.006 0.591 0.474

aMeans within row without common superscript are significantly different at P < 0.05.  
bCo-variate time of sampling after starting the heat stress protocol was significant at P < 0.05. MDA, malondialdehyde; GPx, glutathione peroxidase; 
GSH, glutathione; GSSG, glutathione disulphide.

Table 7. Effect of N-acetyl-L-cysteine (NAC) supplementation on mRNA level of genes involved in transsulphuration and glutathione 
synthesis in liver in male broilers subjected to chronic cyclic heat stress in the finisher phase and sampled at day 29 in Exp I.ab

Item

Supplemental NAC, mg/kg

Pooled SEM

P-value

0 500 1000 2000 Linear Quadratic

CBSL 0.88a 0.30b 0.49ab 0.43b 0.098 0.033 0.031
GCLC 0.61 0.92 0.69 0.70 0.160 0.958 0.420
GSS 0.95 0.66 0.35 0.28 0.207 0.072 0.661

aMeans within row without common superscript are significantly different at P < 0.05.  
bTime of sampling after starting the heat stress protocol was not evaluated because of missing values. CBSL, cystathionine-beta- 
synthase like; GCLC, glutamate-cysteine ligase catalytic subunit; GSS, glutathione synthetase.
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CaHMTBa produces cysteine and taurine that are mostly 
used for supporting cellular integrity and epithelial barrier 
function in the intestine during heat stress (Bauchart- 
Thevret et al. 2011; Martín-Venegas et al. 2006; Wang et al.  
2019). These amino acids have been seen to improve nutrient 
utilisation, enhance growth performance, reduce mortality 
and boost immune function in heat-stressed broilers (Wang 
et al. 2019; Willemsen et al. 2011).

Plasma MDA, liver GPx and heart GSSG level on d 29 
changed significantly with incremental NAC, whereas on 
d 41, only liver GPx was influenced. These observations 
indicated a higher need of GSH in oxidatively challenged 
tissues such as heart, and a failure of the liver to keep up with 
GSH synthesis after chronic cyclic heat stress. However, 
supplemental NAC did not support higher GSH levels in 
tissues such as liver and heart, contrary to the current 
hypothesis. To some extent, these results are similar with 
Degroote et al. (2019) who reported that 200 mg/l NAC in 
drinking water for weaned piglets did not influence GSH 
level in any tissue. This indicated that NAC may not neces
sarily assist GSH levels in the body or the amount of NAC 
utilised in the study may not have been sufficient to observe 
a favourable effect. As an oxidative stress indicator, MDA in 
blood can show the amount of ROS overproduction and lipid 
peroxidation in the body. Reduced plasma MDA level seen 
was in line with He et al. (2019), who administered 1000 mg/ 
kg NAC in feed to chronic constant heat-stressed broilers. 
They demonstrated that NAC could partially reverse elevated 
MDA levels induced by heat on d 28, 35 and 42, however the 
ability to inhibit hydroxyl radicals was only improved d day 
28 and 35. The study by Yi, Hou, Tan, et al. (2016) showed 
that 1000 mg/kg NAC in heat-stressed broilers elevated the 
GSH and cysteine concentrations in the duodenum and 
decreased MDA concentration in the small intestine. They 
argued that the main role of NAC was to provide Cys for 
GSH generation, thus sparing other antioxidants such as 
catalase (CAT) and superoxide dismutase (SOD). This con
sequently improved intestinal antioxidative capacity and 
attenuated intestinal oxidative stress (Yi et al. 2014). When 
65 d-old Japanese quail were heat-stressed and fed 5000 mg/ 
kg NAC, they exhibited higher concentrations of the antiox
idant enzymes and lower MDA compared to a control group 
(Omid, Amirali, and Ahmad 2018). This showed that lipid 
peroxides produced under heat stress circumstances can be 
partially neutralised, along with restoration of antioxidant 
enzyme activities, potentially fostering GSH synthesis by 
including NAC in the diet. Elmasry et al (2020) reported 
that supplementation with an NAC chit nanocomposite (60 
and 120 μg/kg feed) in thermoneutral broilers improved 
antioxidant status (MDA and glutathione-S-transferase) in 
kidney and liver tissue. Nonetheless, the impact of NAC on 
oxidative status remains controversial, as some investiga
tions have failed to observe any effect. Wang et al. (2017) 
found that administering NAC at a dose of 50 mg/kg body 
weight did not lead to significant alterations in malondialde
hyde (MDA) levels in porcine blood plasma.

Although dietary supplementation with NAC in the cur
rent study was hypothesised to increase the performance of 
finishing broilers under heat-stressed condition by enhancing 
GSH, levels in heart and liver were not affected. Yet some 
evidence shows improved antioxidant status. It could be that 

GSH was elevated in other tissues such as the intestines (Yi, 
Hou, Tan, et al. 2016), which were not measured in the current 
trial. It has been indicated that NAC might have evoked a Met 
sparing effect. Besides this mode of action, NAC and L-Cys 
both might act as an antioxidant per se. As a thiol molecule, 
NAC can act as an antioxidant or pro-oxidant associated with 
three distinct mechanisms: 1) an antioxidative impact on 
highly oxidising free radicals (Samuni et al. 2013), 2) an 
indirect antioxidant effect due to NAC’s capacity to function 
as a precursor of Cys that in turn can act as antioxidant or 
furnish GSH synthesis, and 3) a disulphide-breaking effect and 
the potential to replenish thiol pools, which, in turn, modu
lates the redox status (Aldini et al. 2018). The compound NAC 
is thought to primarily act as a precursor of cysteine 
(Nakagawa et al. 2014). Its deacetylation to Cys is catalysed 
by acylase I, a cytosolic enzyme that is highly expressed 
(Uttamsingh et al. 2000). This process is not the primary factor 
in GSH production and NAC augments GSH through indirect 
routes. A potential mechanism by which NAC can increase 
Cys levels and subsequently boost glutathione (GSH) produc
tion is through thiol exchange interactions with cysteine that is 
bound to plasma or tissue proteins (Nakagawa et al. 2014). In 
accordance with this notion, earlier research demonstrated 
a quick release of protein-bound endogenous cysteine follow
ing NAC treatment (Radtke et al. 2012; Ventura et al. 1999). In 
an in vitro plasma study, Radtke et al. (2012) found that 
binding Cys in plasma was significantly reduced when treated 
with different concentrations of NAC, ranging from 10 to 
1000 g/ml. They observed that almost all the unbound Cys in 
plasma was released within 5 min of NAC treatment. Cys is 
a strong antioxidant with the capacity to neutralise free radical 
species (Oshimura and Sakamoto 2017). As other types of 
sulphur-containing compounds, taurine and hydrogen sul
phide, are generated from L-Cys supplementation as well, 
they have crucial function to mitigate oxidative stress and 
defence against a variety of environmental pollutants (Das et 
al. 2012).

The current study assessed mRNA expression of CBSL, 
GCLC, and GSS in broiler liver on d 29 and found that 
NAC administration decreased the expression level of 
CBSL and GSS. The former results suggested that broilers 
under heat stress condition with NAC supplementation 
have lower trans-sulphuration activities as cystathionine- 
beta-synthase catalyses the first reaction in this pathway, 
namely the condensation of homocysteine (HC) and serine 
to generate cystathionine. Less HC may be redirected to 
form Cys and be available for remethylation, underscoring 
the potential Met sparing effect of NAC. Downregulation 
of GSS may hamper the second step in GSH synthesis. 
Glutathione synthetase condenses γ-glutamylcysteine and 
glycine to form GSH. This may explain the minimum 
effect on GSH levels in liver. Additionally, lower trans- 
sulphuration can induce hyperhomocysteinaemia. 
Werstuck et al (2001) reported that hyperhomocysteinae
mia can be the clinical indication of cystathionine-beta- 
synthase insufficiency. Previous research (Bravo et al.  
2011; Dahlhoff et al. 2013; Louiselle et al. 2021) indicated 
that downregulation hepatic CBSL could be stimulated in 
liver failure conditions caused by oxidative stress that were 
associated with protein level changes and inhibition of 
trans-sulphuration.

BRITISH POULTRY SCIENCE 759



Conclusions

In conclusion, these findings suggested that the improve
ment of performance of chronic cyclic heat-stressed finisher 
broilers supplemented with NAC was Met mediated by 
changes in tissue GSH levels, but likely operated by sparing 
methionine and/or NAC and Cys direct antioxidant 
properties.
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